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For the other alkyl groups, hyperconjugation is dtamishe^ 

bonds Is diminished and in <-butyl there are none; hence, with respect to this effect, methyl 

is the strongest electron donor and /-butyl the weakest. 

However, the Baker-Nathan effect has now been shown not to be caused by hypercon- 
jugation, but by differential solvation was demonstrated by the finding ttatmcertain 
instances where the Baker-Nathan effect was found to apply in solution, the order was 
completely reversed in the gas phased Since the molecular stroctures are unchanged m 
goiiig from the gas phase into solution, it is evident that the Baker-Nathan order uv these 
cases is not caused by a structural feature (hyperconjugation) but by the solvent. That is, 
each alkyl group Is solvated to a different extent. 251 

At present the evidence is against hyperconjugation in the ground states of neutral 
molecules. 25 ' However, for carbocations and free radicals" 0 and for excited states of mol- 
ecules. 261 there is evidence that hyperconjugatidn is important. In hyperconjugation in the 
ground state of neutral molecules, which Muller and MulHken call sacrificial hyperconju- 
gation 761 the canonical forms involve not only no-bond resonance but also a charge sepa- 
ration not possessed by the main form. In free radicals and carbocations, the canonical 
forms display no more charge separation than the main form. Muller and Mulhken call this 
isovalent hyperconjugation: 
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Even here the main form contributes more to the hybrid than the others, 
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TAUTOMERISM 

There remains one topic to be discussed in our survey of chemical bonding in organic 
compounds. For most compounds all the molecules have the same structure, whether or 
not this structure can be satisfactorily represented by a Lewis formula. But for many other 
compounds there is a mixture of two or more structurally distinct compounds that are in 
rapid equilibrium. When this phenomenon, called tautonterlsm™ exists, there is a rapid 
shift back and forth among the molecules. In most cases, it is a proton that shifts from one 
atom of a molecule to j 
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P7. 3865; Glide; T.yiorTcW Pitkin Trims. 2 1977, 678. See t£ TJytor < s > «*• «*' 

»For m oppotbs view, see Ctoooey ; Hipper Aurt /. j £^ 1537. 

"•For tome evidence in lAvor, see Uuibe; Ha J. Am. Chan. Soc, USS, 110* 5511. 

"*ymoni TetrahtdrM 19*2.18, 333. _ 

»*Rbo; OoUmaa; BabtufcnunuiieA Can. J. Chan. WO, 39, 2508. 

"Muter; Mullikeni. Am. Chan. Soe. 1*8, A», *»• tti f „ _ _ t 

^revtewt.ieeTbullecil*. Pkyi. Org. C^J^ lS.l-77j ™twv;Khetfeii Jto . < 
773-788, 1*71, *J, 4S2h«7; Fw*.; Nteoe 1* Sebfcky, **t. 246. vol. 2. pp. 157-240. 
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Keto-Enol Tantoi 



A vciy common form of tautomeric is that between a carbonyl compound containing i 
oc hydrogen and its enol form: 2641 



H 



. . /«» u oiirvi nil etc * the eauilibrium lies well to the left (Table 2.1). 



TABLE 2.1 The enol content of some carbonyl 
compounds -. - , 



PhCOCH, 

Cydopcntanone 
CH.CHO 
Cyctohexanone 
Butanal 

(CH&CHCHO 

PhjCHCHO 

CH 5 COOEt 

CH,COCH*COOEt 

CH,COCH a COCH, 

PbCOCHaCOCHj 

EtOOCCHjCOOEt 

NCCHgCOOEt 



Enol content, % 
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6 x 10- 7 
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1.1 X 10-* 
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1 x 10" 6 
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6 x 10-* 
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4 X 10~» 


267 


5.5 X 10-* 


269 


1.4 x 10"* 


270 


9.1 


271 


No cool found" 


267 


8.4 


272 


80 


272 




267 


7.7 x itr 3 


267 


2.5 x 10- 1 


267 



•Uu then 1 part In 10 million. 



«H» for ccav.Mon of ^"rZ^X^f^o* W " ** 

Sehepp 1. /4m. Ctai. Sec. 11/, 3977. 

^ ; M ^rffiz^r£:ir£&. 

MChtanS: Km; KjoghA Am. Chem. So* lM8f //^2M)0. 
Rappoport, Rcf. 264«, pp. 307-322. 
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K, 4862. See thaie 



113-221; Capon, in 



is present, and it can even be the predominant form. 2 ' 3 There are three main types of the 
more stable enols: 274 

1. Molecules in which the enolic double bond is in conjugation with another double 
bond. Some of these are shown in Table 2.1. As the table shows, carboxylic esters have a 
much smaller enolic content than ketones. In molecules like acetoacetic ester, the enol is 
also stabilized by interna! hydrogen bonding, which is unavailable to the keto form: 



ch,y°y° e 



2* Molecules that contain two or three bulky aryl groups. 375 An example is 
2,2-dunesitytethenol (96). In this case the keto content at equilibrium is only 5%.™ In cases 



At - 



97 



such as this steric hindrance (p. 161) destabilizes the keto form. In 96 the two aryl groups 
arc about 120* apart, but in 97 they must move closer together (-109.5°), Such compounds 
are often called Fuson-typc enols. 717 

3. Highly fluorinated enols, an example being S%F* 



CF a =£— CF, CF,H— |— CF, 



99 



In this case the enol form is not more stable than the keto form (it is less stable, and converts 
to the keto form upon prolonged heating). It can however be kept at room temperature for 
long periods of time because the tautomerization reaction (2-3) is very slow, owing to the 
electron-withdrawing power of the fluorines. 



Frequently, when the enol content is high, both forms can be isolated. Hie pure keto 
form of acetoacetic ester melts at -39°C, while the enol is a liquid even at -78*C. Each 
can be kept at room temperature for days if catalysts such as acids or bases are rigorously 
excluded. 27 * Even the simplest enol, vinyl alcohol GHf=€HOH, has been prepared m the 

"For reviews of stable ends, see Kxeite Acc Chenu Ret. 1910, 23f . 43-48, CUEMTECH, 1986, 250-254: Hart; 
^r^^ B 6a5^8 W>OPOIt * R<!f ' **** PP " 481-5891 HWt> Chtm ' R ' Vm W79 ' ^ 51S-S28; Hart;Sas»oka J. Chem. 

"For some examples of other types, see Pratt; Hopkins 7. Am. Chem. Soc 1987, 109, 5553; Nidler; Rappopoii; 
Arad; Apeloig J. Am. Chem. Soc. 1967, 109, 7673. 

"ft* a review, see Rappoport; Biall Acc. Chem. Res. 1988, 21 . 442-449. For a dbctmion of their structures, see 
Kaftory; Nucjel; Biali; Rappoport /. Am. Chem. Soc. W% 111, 81S1. 

"Biali; Rappoport /. Am. Chem. Soc 1985, 107, 1007. See also Kaftory; BiaB; Rappoport /. Am, Chem. Soc, 
UBS, 707, 1701; Nuglol; Rappoport J. Am. Chem. Soc. IMS, i07. 3669; Nadler, Rappoport J. Am. Chem. Soc. 1967, 
109, 21 12; O'Neill; Hec>utj /. Chem. Soc., Chem. Common. 1587, 744; Becker; Andersson Tetrahedron Lett, 1987, 
2h\ 1323. 

™Krst synthesked by Fason; see for example Puson; South wick; Rowland J. Am. Chem. Soc. 1948, 66, 1109. 
"•For a review, see Better; Knuoyants Soy. Set. Rev. Sect. B 1984, 5, 145-182. 

**Fot an example of particularly stable enol and keto forms, which could be kept in the solid state for more than 
a year without significant lnteroonvoisJoo, see Schulenberg A Am. Chem. Soc 1968, 90, 7008. 
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gas phase at room temperature, where it has a half-life of about 30 min.* 1 The enol 
MezO-CCHOH is indefinitely stable in the solid state at -78°C and has a half-life of about 
24 hours in the liquid state at 25*C MI 

The extent of enoHzation 281 ' is greatly affected by solvent, 20 concentration, and tem- 
perature. Thus, acetoacetic ester has an enol content of 0.4% in water and 19.8% in tol- 
uene. 283 In this case, water reduces the enol concentration by hydrogen bonding with the 
carbonyl, making this group less available for internal hydrogen bonding. As an example 
of the effect of temperature, the enol content of pentan-2,4-dione CH3COCH2COCH3 was 
found to be 95, 68, and 44%, respectively, at 22, 180, and WS^C.™ 

When a strong base is present, both the enol and the keto form can lose a proton. The 
resulting anion (the enolate Ion) is the same in both cases. Since 100 and 101 differ only in 



Tf" 



100 



101 



placement of electrons, they are not toutomers but canonical forms. The true structure of 
the enolate ion is a hybrid of 100 and 101 although 101 contributes more, since in this form 
the negative charge is on the more electronegative atom. 
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Other Proton-Shifl Tautomerism 

In all such cases, the anion resulting from removal of a proton from either 
s of resonance. Some examples are:** 
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^Ckm. Phys. Left 1*76,4?, 399. SeeaJso Gsmm; Rycroft; WBtto»;Zucco/.ilm. Chm. ^ 
1T61; Holmes; LooiiE J. Am. Chtm. Soc 1H2, 104, 2648; McOenitty; Cretton; ftptatoa: Sdwranb^h; Fhck 
Angiw. CHttl Vm 9 22 t 405 [Angtw. Oum. «, 406]; Refer; Bk*; Jtauder J. Am. Chem. Soc, 13)84, 

106. 4029; Capoa; Goo; Kwok; SWdhanti; Zucco Acc. Chan. Ret. MSB, 21, 135-140. 
«Chio; Lee; Puk; Kin /. Am, Chm. See. 1588, 110, 8244. 

■"■For a review of keto-enot equilibrium constantly see TouUec, to Bappoport, Ref. 264a, pp. 3ZM98. 
"Vbr an attentive study, see Mflfr; Beak /. Org. Chan. 1*65* 30, 1216. 
«Meyer Utblgs Ann. Chm. 1911* m, 212. See ajso Ret 272. 
**Huib; Uvett; Ped; WffletMwf. J. Chem. 1967, 49. 599, 
m Vot * review of Hie use el x-tvj ayrtftHography to deten 

^^teWewt^Enhov; Nitifotov Rms. Chtm. itev. 1966, 15. 817403; Pone*; Nltaon, Ref. 263. pp. 16* 
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For most simple phenols this equilibrium ties well to the side of the phenol, since only on 
that side is there aromatidty. For phenol itself there is no evidence for the existence of the 
keto form." 7 However, the keto form becomes important and may predominate: (1) where 
certain groups, such as a second OH group or an N=0 group, are present, 4 * 8 (2) in systems 
of fused aromatic rings; 2 * 9 (3) in heterocyclic systems. In many heterocyclic compounds in 
the liquid phase or in solution, the keto form is more stable, 290 although in vapor phase the 
positions of many of these equilibria are reversed. 291 For example, in the equilibrium between 
4-pyridone (102) and 4-hydroxypyridinc (103), 102 is the only form detectable in ethanolic 
solution, while 103 predominates in the vapor phase. 291 



105 
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2. Nitroso-oxime 



This equilibrium lies far to the right, and as a rule nitroso compounds are stable only when 
there is no a hydrogen, 

3* Aliphatic nitro compounds are in equilibrium with ad forms. 



is the 
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OH 



The nitro form is much more stable than the ad form, in sharp contrast to the parallel case 
of nitroso-oxime tautomerism, undoubtedly because the nitro form has resonance not found 
in the nitroso case. Ad forms of nitro compounds are also called nitronic adds and azinic 
acids. 
4. 



R,CH— CR—NK ^=ft R^CR— NHR 



i; Flack 
c.1984, 
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m Kcut forms of phenol and some simple derivatives have been generated as ttlcrraediaies with very short lives, 
but tons enough for spectra to be taken at 77 K. Usne; RipoU; Denis Tkirohedrcn Ua. 19S0, 21, 463. See afeo 
Capeopi; Cut; WhzAngcw. Cktm. Int. Ed. BngL 1986, 25, 344 [Ante*. Chan. 98, 558]. 

*»Ertbov t Nikiforor, Rcf. 286. See also Highet; dura /. Am. Chan. Soc, 1977. 99, 353S. 

"Sec, for example, Majerski; Ttfetajittt BulL Chart. Soc Jptu 1976, 43, 2648. 

""For a monograph on Uutomcrtai In heterocyclic compounds, see EJguero; MuzSo; Katrizky; Linda The Tew 
tomerism cfHetaocycUt; Academic Press: New York, 1976. For reviews, see Ratritzky; Karcnon; Harris Heterocycla 
HWmO, 329-369; Beak Ace. Chenu Rim. 1977, 10, 186-192; Ketrfoky Chimla 1979, 24, 134-146. 

**Beak; Pry; Lee; Steele J. Am. Chan. Soc. 1976, 99, 171. 

"For reviews, tee ShaJnyan; Mirskova Ruts. Chan. Ret. 1979, 4S t 107-117; Mamacv; Lapachcv Sov. 5c/. Rev, 
Stci. B. 1S85, 7, 1-49. The second review also mctudef other closely related types of tautomcrixation. 
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Enamines are normally stable only when there Is no hydrogen on the nitrogen 
(RjQzsCR— NR 2 ) ? Otherwise, the inline form predominates.^ 

Ring-chain tautomerism 294 (as in sugars) consists largely of cyclic analogs of the previous 
examples. There are many other highly specialized cases of proton-shift tautomerism. 
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JHA 



Valence Tautomerism 

This type of 



tautomerism is discussed on p. 1134. 
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■opoe examples of the bptatfon of primary and iccond&ry eaamloes. fee Shin; Mwaki; Ofcta Bull Oienu Soc. 
Jon. Wh 44, 1657; do Jcso: Pommioi /. Chan. Soc. t Chtm, Commun* 1577, 565. 

»«For\ ronoamph. tee Valtwii FliUcfa Ring-Chain Tautam*Um\ Plenum; New York, 1985. Pot rcvicwi.aw 
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